Background We evaluated five key proteins involved in various cancer-related pathways and assessed their relation to breast cancer recurrence. Methods We used the Kentucky Cancer Registry to retrospectively identify primary invasive breast cancer cases (n = 475) that were diagnosed and treated at University of Kentucky Medical Center between 2000 and 2007. Breast cancer recurrence was observed in 62 cases during the 5-year follow-up after diagnosis. Protein expression or activity level was analyzed from surgery tissue using immuno-histochemical assays. Results Compared to ER+/PR+/HER2− patients without recurrence, those with recurrence had higher TWIST expression (p = 0.049) but lower ABL1/ABL2 activity (p = 0.003) in primary tumors. We also found that triple-negative breast cancer patients with recurrence had higher SNAI1 expression compared to those without recurrence (p = 0.03). After adjusting for potential confounders, the higher ABL1/ABL2 activity in primary tumors was associated with a decreased risk of recurrence (OR 0.72, 95% CI 0.85-0.90) among ER+/PR+/HER2− patients. In addition, among patients with recurrence we observed that the activity level of ABL1/ABL2 was significantly increased in recurrent tumors compared to the matched primary tumors regardless of the subtype (p = 0.013). Conclusions These findings provide evidence that the expression/activity level of various proteins may be differentially associated with risk of recurrence of breast tumor subtypes.
Introduction
Despite advances in breast cancer therapy, over 40,000 women die from the disease each year in the United States [1] . Recurrent breast tumors tend to be highly resistant to Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1055 2-018-1099-8) contains supplementary material, which is available to authorized users.
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chemotherapy and targeted therapies. The average survival after recurrence of breast cancer is less than 12 months [2] . Breast tumors may recur at both local and distant sites [3] , and distant metastasis accounts for virtually all breast cancer-related deaths [4] . Approximately 20-30% of early-stage breast cancer cases eventually develop distance recurrence several months or up to 20 years after the initial diagnosis [5] . One major challenge is to identify biomarkers that can distinguish patients who will develop recurrence from those who will not at diagnosis or before clinical manifestation of recurrence, so that more effective and precise targeted therapies can be selected and unnecessary treatments and toxicities can be avoided. For example, small-molecule ABL kinase inhibitors have been used to effectively treat chronic myeloid leukemia [6] .
In past decades, molecular prognostic profiles have been developed and used in clinical practice to predict recurrence and guide treatment selection, including the 21-gene Recurrence Score (Oncotype DX), the Amsterdam 70-gene profile (Mammaprint), and the Risk of Recurrence score (PAM50 assay) [7] [8] [9] [10] . These molecular profiles are based on mRNA expression levels in primary tumor specimens. However, expression levels of mRNA and protein are not necessarily well correlated [11, 12] due to post-transcriptional regulation between transcript and protein product [13] . Thus, tumor protein expression or activity levels as measured with tissue microarrays (TMAs) may provide additional information and lead to the identification of new markers that can predict cancer recurrence.
Several proteins involved in various cancer biological pathways have been implicated in breast cancer recurrence. PAWR (aka PAR-4) is a pro-apoptotic tumor suppressor protein that is downregulated in breast cancer recurrence at local and distant sites [14] [15] [16] [17] . In contrast, SNAI1 (aka SNAIL), TWIST1 (aka TWIST), and CTNNB1 (aka β-catenin, as a readout of Wnt signaling) are transcriptional factors that promote cell survival, epithelial-mesenchymal transition (EMT), and metastasis, and their expression levels are elevated in metastatic and recurrent tumors [18] [19] [20] . Because ABL1 (aka c-Abl) and its homolog ABL2 (aka Arg) are oncoproteins that promote cell survival, proliferation, and metastasis activities in solid tumors including breast cancer [21, 22] , ABL1/ABL2 activation may be associated with recurrence. However, the relationship between these proteins and breast cancer recurrence has not been previously evaluated in an epidemiological cohort study. In this study, we used the Kentucky Cancer Registry (KCR) to retrospectively identify a cohort of women who were diagnosed with primary invasive breast cancer and conducted a molecular epidemiological study to explore the association between the expression/activity level of the five proteins (TWIST1, SNAI1, PAWR, CTNNB1, and ABL1/ABL2) and breast cancer recurrence.
Materials and methods

Study population
Study population was identified through the KCR, which is both a National Cancer Institute Surveillance Epidemiology and End Results cancer registry and a participant in the Centers for Disease Control National Program of Cancer Registries. The study population includes women who had their first primary invasive breast cancer diagnosed and treated at the University of Kentucky (UK) Chandler Medical Center between 1 January 2000 and 31 December 2007, and were determined to be disease-free following surgery (no clinical evidence of disease). Only patients who had first course treatment at UK and TNM stage group I through III were included. After applying these criteria, the KCR identified 503 eligible breast cancer patients. Among the identified patients, there were no deaths observed over the 5 years after the initial breast cancer diagnosis. Tissue blocks with adequate tumor to construct TMAs were available for 479 cases. This cohort was traced forward in time for 5 years after diagnosis using the KCR to identify the patients who had a recurrence and those who did not. Medical record reviews were conducted on all 479 cases to ensure that no recurrent cases were missed. Both primary breast cancer diagnosis and recurrence were pathologically confirmed. Information concerning demographics and clinical data, including age, race, residence (Appalachian/non-Appalachia regions/out of state), tumor histology, hormone receptors and HER2 status, size, grade, stage, lymph node involvement, and treatment modality, were obtained using the KCR registry data and the KCR electronic pathology records. Of note, Appalachian regions are located in Eastern Kentucky with much lower socioeconomic status compared to other regions of Kentucky [23] . The study was approved by the UK Institutional Review Board.
Breast tumor block collection
The 503 eligible primary breast cancer cases identified by the KCR were screened for tumor block collection eligibility (confirmed cases with a pathology report and surgery) by the UK Markey Cancer Center (MCC) Cancer Research Informatics Shared Resource Facility using the KCR electronic pathology records. Of these, 497 cases were eligible for tumor collection. Paraffin-embedded tissue blocks prior to any treatment were received for 483 cases and appropriate tissues for TMAs were obtained for 479 cases. After excluding the cores with poor staining quality and uninterpretable results, the final analytic samples included 1 3 475 primary breast cancer cases with tissue blocks from the original primary breast cancer surgery, of which 62 subsequently developed a recurrence and 413 did not during the 5-year follow-up. Because a number of the patients who had a recurrence had moved or were not treated for their recurrence at UK, the tissue blocks from the surgery or biopsy at the time of recurrence were only available for 22 out of the 62 recurrent cases. Breast cancer cases from which tumor blocks were obtained were generally similar to cases from which tumor blocks were not obtained with respect to patient demographics and tumor characteristics.
TMA construction and immunohistochemistry
For each case, original hematoxylin and eosin (H&E) stained slides were reviewed by a pathologist to confirm the histologic diagnosis and to select optimal tumor blocks for inclusion in the study. After block selection, fresh H&E sections were cut and reviewed by the team pathologist, who then designated tumor areas for inclusion in the TMAs. TMAs were then prepared by the UK MCC Biospecimen and Tissue Procurement Shared Resource Facility from formalinfixed, paraffin-embedded (FFPE) tumor blocks by aligning the circled H&E slide with the associated block. Two representative 2-mm-diameter tissue cores were taken from one FFPE block for each case, and these were then transferred to the recipient paraffin-embedded block using a TMArrayer (Pathology Devices, Westminster, MD).
Immunohistochemistry was performed on 4-µm-thick TMA sections using the following antibodies: (1) rabbit polyclonal anti-phosphorylated Crk/CrkL (Cell Signaling #3181), which is a reliable readout of ABL1/ABL2 activity [24] [25] [26] [27] ; (2) mouse monoclonal anti-β-catenin (BD Biosceince #610153) as a surrogate for the activation of Wnt pathway as its nuclear localization indicates activation of Wnt signaling [28, 29] ; (3) rabbit polyclonal anti-snail (Novus NBP2-27293) measured SNAI1 expression; (4) mouse monoclonal anti-twist (Abcam ab175430) measured TWIST1 expression; (5) rabbit polyclonal anti-par4 (sc-1807, SantaCruz Biotech. Inc.) measured PAWR expression; and (6) IgG control antibodies (species-matched). Details of the immunohistochemistry process are described in supplementary materials. Scoring was performed by a pathologist who was blinded to clinical variables. Each tissue core was assigned an intensity score using the following semi-quantitative scale: negative (0), weak (1), moderate (2) , and strong (3). In addition, the percentage of invasive carcinoma cells with positive staining was recorded. A proportion score was assigned based on the estimated proportion of positive-staining cells (0, none; 1, < 1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5, > 2/3). Since the cytoplasmic scaffold proteins Crk and CrkL were also observed in the nucleus, subcellular localization was further assessed to measure the ABL1/ABL2 activity levels in cytoplasm and nucleus separately. The combined ABL1/ABL2 activity level took into account both cytoplasm and nucleus levels.
Statistical analysis
The average score of the two cores for each case was used in the analysis using equal weighting [30] . Protein expression/activity level in each case was estimated using intensity score as well as two other scoring methods that took into consideration of the percentage of cells with positive staining and staining intensity: Allred score sums percentage score (a scale of 0-5) and intensity score (on a scale of 0-3); and conventional total score multiplies percentage and intensity [30, 31] .
Statistical analyses were first performed considering all breast cancer cases as one group, and then by tumor subtypes defined by estrogen receptor (ER), progesterone receptor (PR), and HER2 status. Sample size for each tumor subtype is ER+ (n = 354); ER− (n = 105); PR+ (n = 316); PR− (n = 145); HER2+ (n = 35); HER2− (n = 403); ER+/ PR+/HER2− (n = 280); ER+/PR−/HER2− (n = 32); and ER−/PR−/HER2− (n = 75). The Wilcoxon rank-sum test was used to compare the expression/activity level of each protein in primary tumors from breast cancer patients with and without recurrence. Logistic regression was used to examine the association between the expression/activity level of each protein in primary tumors and breast cancer recurrence, where the protein expression/activity level was dichotomized into a high or low category based on the median score. A backward model selection procedure based on the Akaike information criterion was used to select and control for potential confounders including age, race, residence, tumor grade and stage. Tissue block age was considered in the model but it did not materially change the results, and therefore was not included in the final model. Odds ratios (OR) and 95% confidence intervals (CIs) of recurrence were estimated for high compared to low expression/ activity level. Among the subset of breast cancer patients who developed recurrence and had available recurrent tumor tissue, the Wilcoxon signed-rank test was used to compare the expression/activity level of each protein between primary and recurrent tumors. All p values were based on two-sided tests and were considered statistically significant if p < 0.05. Statistical analyses were performed using R package version 3.3.1 (https ://cran.r-proje ct.org).
Results
Of the 475 patients included in the final data set, 62 (13%) developed recurrence during the 5-year follow-up period after the initial primary breast cancer diagnosis. Patients with recurrence were younger than patients without recurrence (Table 1) . Although no significant differences were observed regarding race and residence between patients with and without recurrence, patients with recurrence were more likely to have advanced disease, and to be hormone receptor (ER or PR) negative and triple negative (TNBC) ( Table 1) .
The expression level of each protein was compared in primary tumors from patients with and without recurrence considering all breast cancer cases in one group as well as by tumor subtypes defined by ER, PR, and HER2 status (Supplemental Fig. 1) . Results are generally consistent across the three scoring methods (intensity score, Allred, and conventional total score) (Supplemental Table 1 ). We chose to report the total score for its straightforward biological interpretation. When considering all breast cancer cases in one group, we found that TWIST1 and pCrk/CrkL (a readout of ABL1/ABL2 activation) were differentially expressed in primary tumors from patients with and without recurrence (Fig. 1, upper panel) . Compared to patients without recurrence, patients with recurrence had higher expression level of TWIST1 but lower expression level of pCrk/CrkL (reflecting lower ABL1/ABL2 activity) (p values, 0.011 and 0.046, respectively). This is likely driven by ER+/PR+/HER2− patients, as a similar pattern was observed among this largest tumor subtype (Fig. 1, lower  panel) . Compared to the ER+/PR+/HER2− subtype, the expression pattern of TWIST1 appeared to be similar in other subtypes except for ER+/PR−/HER2− subtype, and the expression pattern of pCrk/CrkL appeared to be different in ER+/PR−/HER2− and ER−/PR−/HER2− subtypes. However, none of these other subtypes had significant p values likely due to the smaller sample size (Supplemental Fig. 1a and e) . Moreover, we found that TNBC patients with recurrence had higher SNAI1 expression in primary tumors compared to those without (p = 0.03) (Fig. 1, lower panel) . Interestingly, the expression pattern of SNAI1 appeared to be different in other subtypes, with a borderline significance in ER+/PR−/HER2− subtype (p value, 0.053; Supplemental Fig. 1b) . We also found that tumor grade was associated with protein expression levels in our data and it represented a potential confounder in the association between the protein expression level and breast cancer recurrence. We thus examined the association between the expression level of each protein and breast cancer recurrence, adjusting potential confounders including age, race, residence, tumor grade and stage in logistic regression models (Supplemental Table 2 ). We found that high expression of pCrk/CrkL, reflecting high activity level of ABL1/ABL2, was significantly associated with a decreased risk of recurrence (OR 0.72, 95% CI 0.58-0.90) among ER+/PR+/HER2− patients (Table 2) . Interestingly, pCrk/CrkL was observed in the nucleus and cytoplasm in patient samples. Although Crk and CrkL are thought to be cytoplasmic proteins, there are reports indicating the proteins can reside in the nucleus [32, 33] . Thus, we further investigated the subcellular localization of the pCrk/CrkL proteins in the primary tumor from the initial surgeries (Fig. 2) . Both nuclear and cytoplasmic pCrk/CrkL proteins were significantly lower in the primary tumors from patients that eventually recurred as compared to those that did not recur, and the pattern was similar in all cases and in ER+/PR+/HER2− subtype (Fig. 2) . Although, in general, there was less cytoplasmic pCrk/CrkL than nuclear pCrk/ CrkL expression, the extremely low levels of pCrk/CrkL proteins in cytoplasm (close to the detection limit) in the primary tumors from the majority of patients with recurrence were particularly interesting and notable. Future research is needed to better understand the role of this protein in breast cancer recurrence.
Out of the 62 patients who developed recurrence, 22 had recurrent tumor tissue available. Information on the sites of primary and recurrent tumors for the 22 patients is present in Supplementary Table 2 . We compared the expression level of each protein between matched primary and recurrent tumors for each patient (Supplemental Fig. 2) . We found pCrk/CrkL expression level (corresponding to ABL1/ ABL2 activation) was significantly increased in the recurrent tumors compared to the matched primary tumors (p = 0.004) regardless of the tumor subtype, and the increase in cytoplasm appeared to be more pronounced compared to that in nucleus (Fig. 3) .
Discussion
Breast cancer recurrence is the major cause of breast cancerrelated deaths [4] and is largely attributed to metastases and resistance to therapies [34] . A differential pattern of recurrence has been observed among different breast cancer subtypes defined by ER, PR, and HER2 status, showing higher risk of recurrence in ER-negative compared to ER-positive breast cancer [35] [36] [37] . In particular, TNBC, characterized by ER−/PR−/HER2−, is associated with high risk of recurrence (especially of distant recurrence) compared to hormone receptor (ER/PR)-positive cases [38] . Consistent with this line of evidence, in our study we observed that breast cancer patients with recurrence during the initial 5 years after diagnosis were more likely to be ER-negative and triple-negative cases compared to patients without recurrence. This result is also consistent with the observation of late recurrence in ER-positive breast cancer cases [39] .
The mechanisms underlying breast cancer recurrence are not completely understood. However, multiple cancerrelated biological pathways have been implicated in breast cancer recurrence, including those involved in proliferation, apoptosis, metastasis, cell invasion, and cell movement [34, 40] . In this study, we investigated the five candidate proteins in these pathways, including TWIST1, SNAI1, PAR4, CTNNB1 (β-catenin, as a readout of Wnt signaling), and pCrk/CrkL (a readout of ABL1/ABL2 activation), and assessed their protein expression levels in association with breast cancer recurrence. Among all cases and ER+/PR+/ HER2− cases, we found that patients with recurrence had a activity level) was estimated using total score (intensity × percentage) method. Results using the other two score methods (intensity and Allred) are similar and are not shown. p value was obtained from Wilcoxon signed-rank test higher expression level of TWIST1 but lower expression of pCrk/CrkL (a readout for low ABL1/ABL2 activation) in their primary tumors compared to patients without recurrence. Intriguingly, we observed that the expression level of SNAI1 was significantly higher in primary tumors from TNBC patients with recurrence than those without. Some of these observed differences in protein expression levels were partially explained by tumor grade. However, higher level of pCrk/CrkL expression (corresponding to higher ABL1/ ABL2 activation) was associated with a 28% reduced risk of recurrence in ER+/PR+/HER2− cases even after controlling for potential confounders including tumor grade. We did not observe any statistically significant difference in protein expression levels for PAWR and CTNNB1 (β-catenin) in primary tumors from patients with and without recurrence. EMT, a complex process in which epithelial cells acquire mesenchymal cell-like properties and enhanced migration capacity, is an important event in breast cancer progression that promotes metastasis, drug resistance, and tumor recurrence [41] [42] [43] . Both TWIST1 and SNAI1 play a fundamental role in EMT as master regulators and have been linked to breast cancer recurrence [18, 19] . Aberrantly high expression levels of TWIST1 and SNAI1 have been previously observed in primary and metastatic breast cancer [44] . Consistent with these observations, our study found higher protein expression levels of TWIST1 and SNAI1 in the primary tumors from the initial diagnosis in patients who developed recurrence compared to those who did not. In addition, this pattern appeared to be breast cancer subtype-specific, as a significant difference of TWIST1 and SNAI1 expression was observed in ER+/PR+/HER2− and TNBC cases, respectively. These results are in line with previous research indicating that TWIST1 expression in ER-positive cells was associated with drug resistance and shorter survival [45] [46] [47] and that high SNAI1 levels were correlated with low differentiation, invasiveness, and ER-negative status [19, 48] . Our study suggests that TWIST1 and SNAI1 may be involved in breast cancer recurrence in a subtype-specific fashion.
Increasing evidence supports a role of the ABL family of non-receptor tyrosine kinases, ABL1 and ABL2, in progression of breast cancer [21, 22] . ABL1 shuttles between the nucleus and the cytoplasm, while ABL2 primarily localizes to the cytoplasm [49] . ABL1 and ABL2 phosphorylate a large body of nuclear and cytoplasmic proteins and are involved in diverse biological processes including proliferation, differentiation, cell death and survival, morphogenesis, EMT, migration, and invasion [50, 51] . Although ABL kinases were first identified as oncogenes, they can function as suppressors or promoters in tumorigenesis in a tissue-and context-specific manner [21, 50] . Activation and elevated expression of ABL proteins have been observed in advanced high-grade breast tumors [22, 52] . In ER+/PR+/ HER2− subtype, we found lower activity level of ABL1/ ABL2 in the primary tumors from patients who eventually developed recurrence compared to those who did not, suggesting a protective effect of early ABL1/ABL2 activation on recurrence in this subtype. In contrast, we observed an opposite trend in TNBC where patients with recurrence had higher ABL1/ABL2 activity level than patients without (Supplementary Fig. 1E ). Although the difference was not statistically significant in TNBC patients (p = 0.11), likely due to the smaller numbers of patients in this subtype, these results are consistent with other data in the literature, suggesting that ABL1/ABL2 may play opposing roles in ER+/ PR+ versus TNBC breast cancer subtypes [53, 54] . Interestingly, we found that the activity level of ABL1/ABL2 was significantly increased in recurrent tumors compared to the matched primary tumors regardless of the subtype, indicating that ABL1/ABL2 likely plays a critical role during breast cancer metastasis/recurrence. These results are consistent with previous studies demonstrating that ABL kinases promote invasion and metastasis as well as drug resistance in breast cancer cells [25, [53] [54] [55] . We speculate that ABL1/ ABL2 may interact with treatment and the hyper-activation or overexpression of ABL1/ ABL2 after initial diagnosis is critical for cancer progression, and such dynamic changes may be associated with drug resistance and metastasis that contribute to cancer recurrence. In this regard, ABL1/ABL2 may serve as potential therapeutic targets, in addition to their potential as markers for breast cancer progression and recurrence. Nonetheless, further research is needed to better understand the differential role of ABL1/ABL2 in various subtypes as well as in different stages of cancer progression.
It has been suggested that the Wnt/β-catenin signaling pathway plays a role in breast cancer recurrence [20] . Wnt signaling is upregulated at tumor recurrence, especially in TNBC [56] [57] [58] . A recent study suggested that co-activation of hedgehog and Wnt signaling pathway was associated with risk of tumor recurrence for TNBC patients [59] . However, in our study, we did not find statistically significant difference in Wnt signaling activation in primary tumors from patients with and without recurrence nor between recurrent and primary tumors. A Wnt target gene and stem cell marker, LGR5, has been found to be associated with recurrence and poor outcomes, suggesting that mechanisms in addition to the β-catenin levels and localization could contribute to Wnt signaling activation in breast cancer stem cells [60] . Similarly, we did not observe statistically significant differences in PAWR protein expression. PAWR is a pro-apoptotic, tumor suppressor protein; downregulation of PAWR is necessary and sufficient for breast cancer recurrence [14] [15] [16] [17] . In our study, we observed a non-significant decrease in PAWR expression in primary tumors from ER+/PR+/HER2− patients with recurrence compared to those without recurrence (p = 0.19).
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Our study has several strengths. First, this is a relatively large molecular epidemiological study that included 475 primary tumors at the initial diagnosis. We used the KCR to retrospectively identify a cohort of patients and retrieve relevant tissue samples to study the association between expression/activity levels of five candidate proteins and breast cancer recurrence. Our study has 80% power to detect a 0.4 standard deviation difference in protein expression level in primary tumors between recurrent and nonrecurrent patients based on a two-sided significance level of 5%. Second, we used three scoring methods to measure protein expression level and the results were generally consistent across the three methods. Total score (intensity × percentage) was reported for its straightforward biological interpretation, although the Allred score showed better separation of patients compared to the total score method [61] . Third, the availability of matched primary and recurrent tumor tissue from patients with recurrence allowed us to examine the dynamic change in the protein expression during cancer progression. To our knowledge, this is the first epidemiological study showing a dramatic increase of ABL1/ABL2 activity level in recurrent tumors regardless of the subtype, providing rationale for targeting ABL1/ABL2 in cancer treatment. Importantly, many FDA-approved ABL inhibitors are available and have been used for decades to treat leukemia with relatively few side effects [55] . Finally, our study assessed the subcellular localization of pCrk/CrkL protein in light of the diverse functions of ABL1/ABL2 in nucleus and cytoplasm. The extremely low level of pCrk/ CrkL in cytoplasm in primary tumor and subsequent dramatic increase in recurrent tumor is worth noting. Further research into the potential mechanisms on how the subcellular localization and activation of ABL1/ABL2 impacts tumor recurrence is warranted.
Limitations of our study include a modest sample size for subtype analyses, especially for rare subtypes in our study including HER2 + and ER+/PR+/HER2−. This could be one possible explanation of why we did not observe any significant result for these two rare subtypes. These subtype analyses are considered exploratory. Larger studies are needed to further examine and validate these associations. Despite the small sample size in comparison between primary and recurrent tumor, we were able to observe a significant increase in ABL1/ABL2 activity level. This is likely due to the dramatic activation of these proteins during cancer progression. This result also needs to be further validated in future larger studies. Another potential limitation of the study is to examine the protein expression levels using two representative cores of TMA instead of whole section, which may not fully take into account the possible heterogeneous expression of these proteins in breast tumor cells [62] [63] [64] [65] [66] . Our study examined breast cancer recurrence in the initial 5 years after the diagnosis, which represents a relatively short time window to evaluate the recurrence of ER-positive breast cancer cases, as ER-positive cases tend to have later recurrence. In addition, our study lacks detailed information on treatment, such as specific chemotherapy agents used as well as radiation therapy doses and fractions, which is important for understanding molecular changes during tumor progression, as there is evidence that specific types of treatment can trigger activation of certain signaling molecules that are believed to be associated with the recurrence of breast cancer [67] . Furthermore, the interactions between these five candidate proteins are biologically plausible [68, 69] in breast cancer recurrence. However, the limited sample size does not allow us to assess statistical interactions between these proteins. Larger studies are needed to examine the interaction of these proteins in association with breast cancer recurrence.
In conclusion, our results underscore the relevance of different biological pathways to breast cancer recurrence in different tumor subtypes. We identified potential subtypespecific markers for breast cancer recurrence that are differentially expressed or activated in primary tumors from patients with and without recurrence. In addition, one of these markers (ABL1/ABL2) had dynamic changes between primary and recurrent tumors regardless of the subtype and can potentially be used to actively monitor cancer progression or be targeted therapeutically in cancer treatment. Further research is needed to understand the underlying mechanisms, consider interaction between these proteins, and build a prediction model of recurrence by incorporating these protein markers.
